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ABSTRACT 
 
The conversion and storage of energy by 
living organisms is the central dogma of 
bioenergetics. The Sun’s radiation and the 
chemical oxidation of inorganic substrates 
serve as external sources of energy for all 
organisms on Earth. Inside the biosphere, 
energy circulates between two groups of 
organisms. One group transforms the external 
energy into organic macromolecules to build 
their bodies. The other group consumes the 
organic macromolecules produced by the first 
group and deeply oxidizes them in several 
enzymatic-dependent steps and in this way 
obtains energy for the needs of the cell. The 
final stage of the fuel molecules oxidation 
occurs in the internal mitochondrial membrane 
of eukaryotic cells and in the cytoplasmic 
membrane of prokaryotic cells, namely in the 
respiratory chain. This way of obtaining 
energy is called respiration. The respiratory 
chain is composed of a number of 
transmembrane enzyme complexes and soluble 
electron and proton carriers. The whole 
respiratory chain altogether functions as a 
redox dependent proton pump that utilizes the 
‘downhill’ reaction of electron transfer for the 
‘uphill’ translocation of protons from one side 
of the membrane to the other. As a result of 
electron and proton transfer, an 
electrochemical transmembrane potential 
[∆µH+] is produced. The transmembrane 
potential can further be used by a cell for 
metabolite transportation, ATP synthesis, heat 
production, mechanical work, reproduction 
and all other energy demanding cell processes. 
 
The terminal complex of the respiratory chain 
serves as a final acceptor of electrons and as 
an oxygen reduction machine. This 
transmembrane enzyme complex is terminal 
oxidase – the subject of this study [cytochrome 
c oxidase more precisely]. The terminal 
oxidase catalyzes the reduction of dioxygen to 
water. The energy released upon this process is 
used for proton pumping and contribution to 
∆µH+. Even though the structure of 
cytochrome c oxidase with atomic resolution 
has been available for more than a decade, the 
mechanism of the oxidase work still has a 
number of blanks. 
 
The aim of this work was to resolve some of 
the questions about the mechanism of the 
cytochrome c oxidase catalysis and a pump 
machine. 
 
For this, first of all, new methods to study 
cytochrome c oxidase function under 
equilibrium and time-resolved conditions by 
modern infrared spectroscopy were developed. 
 
With the use of these newly developed 
methods in combination with point 
mutagenesis and highly sensitive visible 
spectroscopy and electrometry, the several 
blanks of the mechanism of O2 reduction and 
proton pumping by cytochrome c oxidase were 
clarified. Thus, it was demonstrated that Tyr-
280, a unique amino acid in cytochrome c 
oxidase that is covalently bound to a His 
residue as a result of posttranslational 
modification, serves as a proton donor for a 
dioxygen splitting. Furthermore, the protolytic 
transition of another amino acid – Glu-278 – 
one of the key amino acids in a proton 
translocation mechanism was observed for the 
first time. In this work the redox titration of 
the electron-transfer centers of cytochrome c 
oxidase was also performed. This resulted in 
the determination of the thermodynamic 
parameters of the centers. 
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ABBREVIATIONS 
 
Chemical compounds: 
ADP   adenosine diphosphate 
ATP   adenosine triphosphate 
Fe/S   iron-sulfur cluster 
FAD   flavin adenine dinucleotide 
FMN   flavin mononucleotide 
NAD+/NADH  nicotinamide adenine dinucleotide [oxidized/reduced] 
UQ/UQH2  ubiquinone/ubiquinol 
 
Redox centers of cytochrome c oxidase: 
CuA   dinuclear copper center in subunit II 
CuB   mononuclear copper center in subunit I 
heme a  low-spin heme in subunit I 
heme a3  high-spin heme in subunit I, oxygen binding site 
 
States of cytochrome c oxidase: 
A   ferrous-oxy intermediate 
E/EH   one-electron reduced intermediate [‘resting’/‘pulsed’] 
F   ferryl intermediate 
FR   fully reduced [= four electron reduced] species 
FRCO   fully reduced enzyme inhibited by carbon monoxide 
MV   ‘mixed-valence’ [= two electron reduced] species 
O/OH   fully oxidized intermediate [‘resting’/‘pulsed’] 
P   ‘peroxy’ intermediate 
PR/PM   ‘peroxy’ intermediate formed from the fully reduced/‘mixed-valence’ enzyme 
R   reduced [two-to-four electron reduced] intermediate 
 
Other abbreviations: 
ATR   attenuated total reflectance [prism/spectrum/sample] 
BNC   binuclear center 
CcO   cytochrome c oxidase 
CE   counter electrode 
DP   penetration depth, the depth IR beam penetrates into the ATR sample 
Em   midpoint redox potential, relative to NHE 
eT   electron transfer 
ETC   electron transfer chain = respiratory chain 
FF   flow-flash 
FTIR   Fourier transform infrared [spectroscopy/spectrum] 
IR   infrared [spectroscopy/spectrum/region] 
MTC   mitochondrion 
NHE   normal hydrogen electrode 
N-side  electrically negative side of membrane 
P-side  electrically positive side of membrane 
pT  proton transfer 
RE   reference electrode 
redox   oxidoreduction 
WE   working electrode 
∆µΗ+   transmembrane electrochemical proton gradient 
τ   time constant, 1/k, where k – rate constant 
 
 
Amino acid numbering is of Paracoccus denitrificans cytochrome c oxidase. 
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1. INTRODUCTION 
 
1.1. Energy cycle in living organisms 
 
All living organisms require the constant 
influx of outside energy to perform different 
kinds of work [metabolite transportation, 
biosynthesis, growth, movement, homeostasis 
etc.]. Based on the source of the energy, 
organisms can be conditionally divided into 
two groups: autotrophs and heterotrophs. The 
autotrophs utilize the energy of the Sun’s 
radiation or inorganic substrate oxidation to 
build the organic molecules that make up their 
bodies and perform work. The heterotrophs 
oxidize organic material generated by the 
autotrophs to obtain energy for the needs of 
the cell. 
 
The vast majority of today’s autotrophs use the 
energy of the Sun’s radiation and evolve O2 as 
a by-product. The first of that type of 
organisms appeared 3-4 billion years ago and 
was represented as cyanobacteria. At that time 
the primordial Earth’s atmosphere contained 
almost no oxygen. A small amount of O2 
might have been present, due to direct 
photolysis of water that used to occur under 
strong UV radiation. However, the major 
amount of O2 appeared with the emergence of 
autotrophic metabolism known as 
photosynthesis. During photosynthesis the 
energy of the Sun’s radiation and H2O 
oxidation is utilized to construct carbohydrate 
macromolecules from CO2 and H2O. The 
overall simplified reaction of photosynthesis 
can be written as: 
 
 
 
where C6H12O6 represents the synthesized 
carbohydrates [glucose, sucrose, or starch]. 
 
Gradually, the concentration of atmospheric 
O2 increased, giving birth to a new generation 
of heterotrophic organisms utilizing O2 for the 
oxidation of organic substrates [carbohydrates, 
fats, and proteins] to CO2 and H2O and energy 
extraction. This process is called respiration, 
the overall reaction of which [in the case of the 
oxidation of carbohydrates] can be represented 
by: 
 
 
 
 
Photosynthesis and respiration are the two 
opposite and interdependent processes that 
form a closed biogenic carbon cycle in which 
the Sun’s radiation serves as an external 
source of energy: 
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1.2. Cellular respiration 
 
Heterotrophs extract the energy required for 
their growth and development by the oxidation 
of organic molecules that were originally 
generated by autotrophs. The first stage of the 
degradation of the fuel molecules is digestion 
or hydrolysis that often takes place outside of 
the cell (Fig. 1) in the gastrointestinal tract. 
Proteins are hydrolyzed to amino acids, 
carbohydrates to sugars, and fats to fatty acids. 
 
All the subsequent steps of the degradation of 
the organic molecules occur inside the cell. 
The products of digestion are transported into 
the cell and mitochondrion [= MTC] where 
they are oxidized in several stages and finally 
flow into the Krebs cycle [= citric acid cycle = 
tricarboxylic acid cycle]. The oxidation of 
food substrates in organisms that use 
anaerobic metabolism [do not require the 
presence of O2] stops at the level before the 
Krebs cycle. The anaerobic reactions are 
present in both aerobic and anaerobic 
organisms. The energy production during 
anaerobic metabolism is rather low. For 
example, in case of the anaerobic oxidation of 
glucose molecule the energetic outcome is two 
molecules of adenosine triphosphate [ATP]. In 
case of aerobic metabolism, the oxidation of 
organic molecules goes further on to the Krebs 
cycle where they are oxidized to CO2 with 
production of high-energetic nicotinamide 
adenine dinucleotide [NADH] in a reduced 
form which serve as electron donors for the 
respiratory chain [= electron transfer chain = 
ETC] (Fig. 1 & Fig. 2). The respiratory chain 
is the final stage of the oxidation of the fuel 
molecules in aerobic metabolism. The total 
energy produced upon aerobic metabolism 
reaches as many as 32 ATP molecules per 
oxidation of a glucose molecule. 
 
The entire process by which fuel molecules are 
oxidized, within the cell, is known as cellular 
respiration, and in the specific case of aerobic 
organisms, aerobic respiration, the final stage 
of which will be described in the next section.
 
 
 
 
 
 
Figure 1. A simplified scheme of cellular aerobic respiration. The mitochondrion possesses two 
membranes: external smooth and internal highly convoluted. The ETC is located in the internal membrane 
of the mitochondrion. 
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1.3. Respiratory chain 
 
The final stage of cellular aerobic respiration 
occurs in the respiratory chain (Fig. 2) that is 
located in the internal membrane of 
mitochondria and the plasma membrane of 
aerobic bacteria. ETC possesses at least 18 
discrete e- carriers, mainly organized into 
transmembrane enzyme complexes [known as 
Complexes I, III, and IV] and two mobile 
carriers circulating between and connecting 
these three complexes [ubiquinone and 
cytochrome c]. Electrons flow to the 
respiratory chain from NADH to the final 
acceptor – O2, i.e. from the component with 
the lowest midpoint redox potential [Em] – 
NADH – to the component with the highest 
potential – O2 (Fig. 2). The energy of the 
redox drop between NADH oxidation and O2 
reduction is 1.13 V. This reaction, catalyzed 
by the respiratory chain, is highly exergonic 
releasing ~218 Kcal/mol with the overall 
equation: 
 
 
 
The energy released upon the 1.13 V redox 
drop is much higher than the limit of the 
biological membrane resistance which is ~200 
mV. To overcome this problem and to store all 
the energy extracted from NADH oxidation by 
O2, the energy of the redox drop is divided into 
sequential portions and stored by several 
enzyme complexes. This allows energy 
conversion over the course of several electron-
transfer steps, where each step takes place in a 
different respiratory complex [Complexes I, 
III, and IV, see below]. The Complexes use 
the released energy to translocate charged 
particles [electrons and protons] from one side 
of the membrane to the other. 
 
Electron [eT] and proton [pT] transfer across 
the membrane leads to the formation of the 
electrochemical transmembrane potential 
[∆µH+]. The side of the membrane from which 
protons are taken up becomes the electrically 
negative [= N-side] which is the matrix in 
mitochondria and the cytoplasm in bacteria; 
the side to which protons are delivered, 
becomes the electrically positive side of the 
membrane [= P-side] which is the 
intermembrane space in mitochondria and the 
periplasmic space in bacteria (Fig. 2). The 
∆µH+ generated across the membrane consists 
of two components: a pH difference across the 
membrane [∆pH] and charge difference [∆Ψ] 
(Mitchell 1966). 
 
Historically, the membrane complexes of the 
respiratory chain that convert redox energy to 
∆µH+ were called Complexes I, III, and IV 
(Fig. 2) based on the order in which they 
appeared from a chromatography column 
(Complex II does not convert redox energy, 
see below). The overall equation for the 
operation of the respiratory chain taking into 
account the generated ∆µH+ is: 
 
 
 
where N indicates the N-side of the membrane, 
and P the P-side. 
 
The energized membrane is impermeable to 
protons, which prevents collapse of the formed 
∆µH+. One of the immediate consumers of the 
∆µH+ is ATP synthesis (others are mechanical, 
osmotic and chemical types of work, and 
heating). It occurs when protons flow back 
according to the concentration gradient via the 
H+-conductive channel of Complex V [ATP-
synthase] (Fig. 2) resulting in ATP synthesis. 
The process of redox energy conservation to 
∆µH+ and its use for the ATP synthesis was 
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discovered by Mitchell in 1961 and is known 
as the chemiosmosis (Mitchell 1961). 
 
The energized membranes are highly enriched 
in the ETC components. Thus, a single liver 
mitochondrion may have more that 10000 
ETC systems. However, the stoichiometry of 
the complexes in the membrane is not equal 
(Nicholls D.G. & Ferguson S.J. 2002). 
 
Complex I [NADH:ubiquinone 
oxidoreductase or NADH dehydrogenase] is 
the first and the largest complex of the ETC 
(Fig. 2); it has an L-shaped form (Yagi & 
Matsuno-Yagi 2003). The mitochondrial 
Complex I consists of 42 subunits with a total 
mass of 750 kDa. Seven out of 42 subunits are 
mitochondrially encoded. A non-covalently 
bound flavin mononucleotide [FMN] and nine 
iron-sulfur [Fe/S] clusters [4Fe/4S and 2Fe/2S 
types] serve as redox cofactors (Sazanov & 
Hinchliffe 2006). All of them are located in 
the hydrophilic domain that extends into the 
mitochondrial matrix. Complex I is an 
entrance point for electrons from NADH; it 
transfers electrons ‘downhill’ to the UQ pool 
(see below) and couples translocation of two 
protons across the membrane [from the matrix 
to the intermembrane space] to each e- 
transferred. The more precise mechanism by 
which Complex I operates is not known. 
 
Ubiquinone/ubiquinol pool [UQ/UQH2 or 
Coenzyme Q or Q] is a system of mobile and 
hydrophobic e- and H+ carriers, freely 
diffusible within the membrane bilayer. UQ 
[oxidized] accepts two electrons and two 
protons from Complex I being reduced 
[UQH2] and transfers them further on to 
Complex III re-generating UQ in the oxidized 
form. The UQ/UQH2 molecule consists of a 
benzoquinone ring and a highly hydrophobic 
isoprenoid tail. The hydrophobicity allows 
UQ/UQH2 to diffuse freely within the 
membrane. 
 
Complex III [ubiquinol:cytochrome c 
oxidoreductase or the bc1 complex] is a 
dimer, each monomer of which contains 11 
subunits; only three of these have redox 
centres. As redox cofactors, Complex III has 
two hemes b, heme c1, and a Rieske-type 
center [2Fe/2S] (Iwata et al. 1998; Zhang et al. 
1998). The dimeric structure is, most likely, 
essential for the function of Complex III 
(Gutierrez-Cirlos & Trumpower 2002). The 
bc1 complex transfers electrons from ubiquinol 
to cytochrome c, thus oxidizing UQH2 to UQ. 
The eT and pT is accomplished through a 
mechanism known as the ‘Q-cycle’ (Mitchell 
1976). 
 
Cytochrome c is a small soluble protein with 
a covalently attached heme C as the redox 
cofactor. Cytochrome c is a one-electron 
carrier in the matrix side of the membrane 
transporting electrons from Complex III to 
Complex IV. 
 
Complex IV [ferrocytochrome c:O2 
oxidoreductase or cytochrome c oxidase or 
CcO] is the terminal complex in the 
respiratory chain that transfers electrons to the 
ultimate acceptor – O2 – reducing it to H2O. 
Mitochondrial CcO is a relatively big enzyme 
with a molecular weight of ~220 kDa and is 
composed of 13 subunits. Two of these 
subunits contain four redox cofactors: subunit 
I – three redox centers: two hemes (a & a3) 
and a copper center – CuB; subunit II contains 
the fourth cofactor – a copper center CuA. 
 
In addition to the energy converting enzymes, 
the inner mitochondrial membrane possesses 
enzymes that translocate no protons but serve 
as entrance points for electrons into the 
respiratory chain. One of these is Complex II 
[succinate:ubiquinone reductase or succinate 
dehydrogenase or SDH] – a membrane bound 
multi-subunit enzyme of the Krebs cycle. 
Complex II is composed of four subunits with 
a covalently bound flavin adenine dinucleotide 
[FAD], three 2Fe/2S centers and heme b. SDH 
feeds electrons to the respiratory chain via the 
UQ pool. Another enzyme that donates 
electrons to the UQ pool is the electron-
transferring flavoprotein-ubiquinone 
oxidoreductase. The third of them – sulfite 
oxidase – donates electrons to the ETC via 
cytochrome c. 
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ETC composition in mitochondria may exhibit 
small variations depending on the species and 
tissue. Electron transfer chains in bacteria are 
much more variable, allowing them to adapt to 
a changeable environment. Their respiratory 
chains contain homologs and analogs of the 
mitochondrial respiratory complexes. The 
ultimate e- acceptor may vary; however, in the 
presence of O2, it is always aerobic 
metabolism with a terminal oxidase as a final 
e- acceptor. (Nicholls D.G. & Ferguson S.J. 
2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The respiratory chain of the inner membrane of mitochondria together with ATP-
synthase. The structures are made from several sources: Complex I, Thermus thermophilus (PDB ID 
2FUG), Complex III, mitochondria (1BGY), cytochrome c, mitochondria (2B4Z), Complex IV, 
mitochondria (2DYR), Complex V, mitochondria (1QO1). The structures are prepared in VMD 
software (Humphrey et al. 1996). ADP is adenosine diphosphate. The membrane part of Complex I 
(Guenebaut et al. 1997) and peripheral stalk of ATP-synthase (Walker & Dickson 2006; Dickson et al. 
2006) are from mitochondria. The H+ translocation by respiratory complexes per two electrons 
extracted from NADH are shown as arrows. The transportation of three to four protons by Complex V 
is required for synthesis of one ATP molecule. [→] 
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2. TERMINAL OXIDASES 
 
2.1. Overall function 
 
Complex IV – or terminal oxidase – transfers 
electrons to O2 reducing it to H2O (reviewed in 
(Babcock & Wikström 1992)). For the O2 
reduction four electrons and four protons are 
required. Electrons are supplied one by one by 
cytochrome c from the P-side. At the same 
time, four protons are taken up from the N-
side. The overall reaction of the O2 reduction 
by terminal oxidase is: 
 
 
 
The reaction of the O2 reduction has a very 
high activation barrier and consequently does 
not proceed spontaneously. At the same time, 
this reaction is highly exergonic. The function 
of the terminal oxidase is to bind, activate O2, 
reduce it to H2O, and to conserve the energy 
released upon its reduction. In order to activate 
O2, the minimal requirement for the enzyme is 
that it should contain a metallic O2-binding 
center and the metal should have at least two 
redox states in order to donate electrons to O2 
and after that get reduced. The energy of the 
O2 reduction is transformed in the form of the 
electrochemical transmembrane potential. The 
membrane potential generated by the terminal 
oxidase is created by two different 
mechanisms: [i] vectorial transfer of electrons 
from the P-side and protons from the N-side to 
the O2 reduction center, resulting in 
translocation of one net charge across the 
membrane for each e-; and [ii] most terminal 
oxidases (see next section) pump H+ [= 
translocate H+ against the proton concentration 
gradient from the N- to the P-side] for each e- 
(Wikström 1977). In the last case, altogether, 
two net charges are translocated across the 
membrane for each e-. In total, four protons are 
pumped by most of the terminal oxidases (see 
next section) for each O2 molecule reduced 
(Wikström 1977). Accordingly, the overall 
reaction of the terminal oxidase function with 
pumping can be presented as: 
 
 
 
During catalytic reduction, O2 is kept tightly 
bound to the reactive site preventing harmful 
reactive O2 species production (Babcock & 
Wikström 1992). 
 
 
 
2.2. Classification 
 
The terminal oxidases can be divided into two 
families based on their structure and ability to 
pump protons. One – the largest – is the family 
of heme-copper oxidases, members of which 
translocate H+, additionally to vectorial 
transfer of protons for the O2 reduction, and 
contain a low-spin heme and a binuclear center 
of the oxygen reduction [BNC] composed of a 
high-spin heme and a copper [CuB] center, 
with a nearby cross-linked Tyr residue (see 
below). The second family is the heme bd type 
oxidases, members of which do not pump 
protons, however, posses the same vectorial 
H+ transfer for the O2 reduction as heme-
copper oxidases, whose catalytic center is 
formed by two high-spin hemes. Within the 
heme-copper family there are three sub-
families; the division here is based on the 
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immediate e- donor: soluble cytochrome c for 
sub-family A [= cytochrome c oxidases], 
UQH2 for subfamily B [= quinol oxidases], 
and membrane-anchored cytochrome c for 
subfamily C [= cbb3 type oxidases] (Pereira et 
al. 2008). An example of the first sub-family is 
the aa3 oxidase that is found in mitochondria, 
and many bacteria including Paracoccus 
denitrificans. A representative of the second 
sub-family is the bo3 oxidase from E. coli, and 
the third one – cbb3 type oxidase from 
Rhodobacter sphaeroides. 
 
The redox centers of terminal oxidases can be 
represented in the form of copper centers (CuA 
and CuB) and hemes (A, B, C, D, or O). The 
redox centers compose [i] the BNC of 
dioxygen reduction and [ii] the e- transfer path 
to the BNC (Calhoun et al. 1994). 
 
 
2.3. Structure of cytochrome c oxidase 
 
Basic information about the function of CcO 
(EC 1.9.3.1) and location of its redox centers 
was obtained long before the first crystal 
structure was solved. The first X-ray crystal 
structures of CcO from P. denitrificans (Iwata 
et al. 1995) and bovine mitochondria 
(Tsukihara et al. 1996) were defined with a 
resolution of 2.8 Å in both cases. At present, 
the resolution of the CcO structure reaches 1.8 
Å for the bovine enzyme (Tsukihara et al. 
2003; Muramoto et al. 2007). CcO is a 
multisubunit enzyme with a molecular weight 
of ~220 kDa for mammalian and ~130 kDa for 
P. denitrificans CcO. 
 
The three-dimensional structures of the CcOs 
within the whole heme-copper oxidase family 
are very similar. One of the main 
characteristics for all members of the heme-
copper family – in addition to the redox center 
composition – is the presence of six strictly 
conserved His ligands to the redox centers. 
The other characteristic is the presence of 
three core subunits. Only two out of three core 
subunits keep electron transfer [= redox] 
centers: subunits I and II (Fig. 3). The three 
main subunits in the mitochondrial CcO are 
encoded in the mitochondrial genome; 
additionally, ten more subunits of MTC CcO 
are encoded by the nuclear genome and 
 
 
Figure 3. The structure of cytochrome c oxidase from bovine mitochondria (PDB ID 2DYR). Three 
catalytically important subunits are shown: subunit I in blue, subunit II in magenta, and subunit III in 
green. The figure was prepared with help of the VMD software (Humphrey et al. 1996). 
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imported to MTC from the cytosol. These 
subunits have no apparent influence on 
catalysis. They may be important for the 
assembly of the enzyme, regulation of its 
function, or stabilization of the structure. The 
enzyme from P. denitrificans includes a fourth 
subunit that has no homolog in any other 
enzyme. 
 
This work was performed on CcO from P. 
denitrificans enzyme. Thus, the numbering of 
the amino acids is of P. denitrificans. The 
work on the bacterial enzyme has an 
advantage compared to mitochondrial one, 
allowing to perform studies on the mutated 
enzyme. 
 
Subunit I (Fig. 3, blue) is the most conserved 
subunit of CcO with a molecular weight of 
~60 kDa. It consists of 12 transmembrane α-
helixes without any large extramembrane part. 
The α-helixes are arranged by four into three 
pores. Subunit I contains three electron-
transfer centers: heme a, heme a3, and CuB. 
The metals of all three redox centers are 
located at about the same depth within the 
membrane: ~1/3 of the way from the P-side 
and 2/3 from the N-side (Fig. 3). The low-spin 
heme – heme a – is held by two axial His 
ligands – His-94 and His-413. The high-spin 
heme – heme a3 – is situated at a distance [iron 
center-to-center] of ~13 Å from heme a. It is 
held by one His ligand [His-411]. The planes 
of the two hemes are both oriented 
perpendicular to the membrane plane. The 
angle between the rings of the hemes is 104-
108° (Iwata et al. 1995; Tsukihara et al. 1996). 
The propionic groups of the hemes face 
towards the P-side (Fig. 4). CuB is located at a 
distance of ~5 Å from the iron atom of heme 
a3 and is held by three His ligands: His-276, 
His-325, and His-326. Heme a3 and CuB 
together form the binuclear dioxygen 
reduction center. The interesting feature of the 
His-276 ligand of CuB is that it is covalently 
attached to Tyr-280 (Fig. 18), which has been 
demonstrated by X-ray crystallography 
(Ostermeier et al. 1997; Yoshikawa et al. 
1998) and peptide analysis (Buse et al. 1999; 
Rauhamäki et al. 2006). This posttranslational 
modification decreases the pKa of Tyr-280 
which donates H+ for the dioxygen bond 
splitting (paper II). Tyr-280 is a part of the 
BNC together with heme a3 and CuB. In 
addition to the redox centers, there are two 
more ion centers in subunit I, that are not 
redox active: Mg2+/Mn2+ and Ca2+/Na+ [in 
different species different metal ions occupy 
the binding sites]. The Mg2+/Mn2+ ion is 
positioned ~12 Å above the BNC (Fig. 4 B) 
and has been proposed to take part in 
water/proton expulsion (Tsukihara et al. 1996; 
Ostermeier et al. 1997). The Ca2+/Na+ binding 
site (Ostermeier et al. 1997; Yoshikawa et al. 
1998) may be important for stabilization of the 
enzyme structure or regulation of function 
(Lee et al. 2002). 
 
Subunit II (Fig. 3, magenta) consists of two 
transmembrane helixes and a hydrophilic 
globular domain that faces the P-side with an 
overall mass of ~27 kDa. The globular domain 
– ten-strand β barrel structure – contains the 
bimetallic CuA redox center. CuA is present 
only in the cytochrome c oxidase sub-family 
and is absent in the quinol and cbb3 type 
oxidases. Two copper ions of the CuA center 
are separated by 1.5 Å and coordinated in 
place by six ligands: Cys-216, Cys-220, His-
181, His-224, Met-227, and Glu-218. Subunit 
II also contains the cytochrome c binding site. 
 
Subunit III (Fig. 3, green) binds to subunit I 
on the side opposite to subunit II without any 
contact to it and has a mass of ~30 kDa. It 
consists of seven transmembrane α-helixes, 
contains no redox cofactors and has almost no 
extramembrane part. The deletion of this 
subunit slows down the O2 reduction activity 
of the enzyme (Gilderson et al. 2003).  
2.4. Pathways 
 
The CcO catalysis requires delivery of three 
substrates – electrons, protons, and O2 – to the 
binuclear center, and expulsion of H2O 
molecules produced in the BNC. Each 
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substrate or the product takes a specific route 
through the enzyme. eT occurs without a 
specific structure to move through the protein, 
but the transportation of each of the other 
substrate/product does require its own channel. 
 
 
2.4.1. Electron transfer pathway 
 
The basic model of eT between two sites was 
developed by Marcus (Marcus & Sutin 1985). 
The theory states that the speed of eT between 
two redox centers depends on three factors: [i] 
the difference in Ems between the two centers, 
[ii] the distance separating them, and [iii] the 
reorganization energy, i.e. the energy required 
to alter the structures of the centers’ 
environments in response to the eT. It is 
inferred from the theory that the eT rates must 
be on the order of nanoseconds-to-
microseconds. In practice, the most of eT 
events in CcO occur on a time scale of 
microseconds-to-milliseconds, due to their 
coupling to the H+ translocation. 
 
The reduction of O2 to H2O by CcO requires 
four electrons that are provided one by one by 
cytochrome c (Fig. 2 & 4 A). Cytochrome c 
docks to CcO at the interface between subunits 
II and III. The docking is accomplished via the 
electrostatic and, perhaps, also the 
hydrophobic interactions (Zhen et al. 1999). 
The first e- acceptor in CcO from cytochrome 
c is CuA. The time constant [τ] of eT between 
the heme of cytochrome c and CuA is ~15 µs 
(Hill 1991; Pan et al. 1993). Subsequently, the 
e- is transferred to heme a, with τ ~10 µs 
(Verkhovsky et al. 2001b). Although the 
distances [metal-to-metal] from CuA to heme a 
[19 Å] and heme a3 [22 Å] are comparable, the 
eT occurs between CuA and heme a. Then, the 
e- is transferred from heme a and heme a3. The 
edge-to-edge distance between the two hemes 
is ~5 Å and the major part of the eT occurs on 
a time scale of ~3 µs (Oliveberg et al. 1991; 
Verkhovsky et al. 1992). However, an initial 
partial nanosecond eT from heme a to heme a3 
is present that is not coupled to the H+ 
translocation (Verkhovsky et al. 2001a; Pilet et 
al. 2004). The final step of the eT events is 
from heme a3 to CuB which occurs on a time 
scale of hundreds of microseconds due to its 
coupling to the pT (Belevich et al. 2007). 
 
2.4.2. Proton pathways 
 
The mechanism of the pT is very different 
from that of eT. While the latter most likely 
requires no specific pathway inside a protein, 
the transfer of protons occurs within channels 
filled in with water molecules. The mechanism 
of the pT along a water chain was first 
proposed by Grotthuss in 1806 (Cukierman 
2006). Grotthuss stated that the pT occurs 
without transportation of mass of a H+; only 
the charge is transferred along the water chain. 
The rate limiting step in this kind of a H+ 
transfer is the structural re-arrangement of the 
hydrogen bonded chain of water molecules 
(Pomes & Roux 1998). In a protein, H+ 
pathways are made up of lines of H2O 
molecules that are stabilized by their 
hydrogen-bonding with the surrounding polar 
amino acids of the protein. 
The O2 reduction chemistry requires four 
protons to be delivered to the BNC for each O2 
molecule [= ‘chemical’ protons]; four more 
protons are translocated across the membrane 
[= ‘pumped’ protons]. All eight protons are 
taken from the N-side of the membrane. Two 
diverse proton entry channels – the D- and K-
channels (Fig. 4 B) – were identified based on 
site-specific mutagenesis (Hosler et al. 1993; 
Fetter et al. 1995) and further confirmed by X-
ray structures analysis (Iwata et al. 1995; 
Tsukihara et al. 1996). The pT in CcO is 
coupled to the eT and is driven by the energy 
of the redox drop of eT from cytochrome c to 
O2. The mechanism of the H+ translocation is 
therefore called the redox-linked proton 
pumping. Initially, the D- and K-channels 
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were proposed to separately supply the 
‘pumped’ and ‘chemical’ protons, respectively 
(Morgan et al. 1994). However, later 
experiments refuted this idea (Karpefors et al. 
1998). 
 
The D-channel is named thus after the 
conserved residue Asp-124 serving as an 
entrance point to the channel. Mutation of this 
residue to a non-polar one blocks the H+-
conducting function of the channel thus 
inactivating the pumping completely and 
dramatically decreasing the rate of O2 
reduction (Smirnova et al. 1999). The D-
channel leads from the N-side to a highly 
conserved residue Glu-278 in the center of the 
hydrophobic core of the membrane via a 
sequence of the conserved residues: Asn-199, 
Asn-131, Asn-113, Tyr-35, Ser-193, Ser-192, 
and Ser-189. The D-channel is responsible for 
the translocation of six protons out of the eight 
transferred for each O2 molecule reduction 
event: the two ‘chemical’ protons that are 
taken up in an oxidative part of the catalytic 
cycle (see below and Fig. 5), and all four 
‘pumped’ protons. Glu-278 is located at a 
distance of ~25 Å from the entrance point of 
the D-channel and ~10 Å away from the BNC, 
near the iron ions of the hemes. Glu-278 is a 
branching point of the H+ channel and it 
delivers and distributes the protons between 
the BNC and the ‘pump site’ (see below) (Fig. 
4 B), becoming de-protonated in the process. 
Then, it accepts H+ from the D-channel and 
the protolytic cycle repeats. Ten water 
molecules have been resolved inside the 
channel (Qin et al. 2006), which supports the 
Grotthuss-type mechanism of H+ transfer. 
 
 
 
 
Figure 4. Electron (A) and proton (B) transfer pathways together with the redox centers and water 
molecules within the H+-conducting channels. The CcO structure is from R. sphaeroides (PDB ID 2GSM). 
The amino acid numbering is from P. denitrificans. The picture is prepared with help of VMD software 
(Humphrey et al. 1996). P and N represent the positive and negative sides of the membrane. 
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At the entry of the D-channel, Asp-124 
together with a series of His residues form a 
H+-collecting antenna that facilitates the H+ 
uptake from the liquid state (Karpefors et al. 
1998). The K-channel is named after Lys-354, 
a conserved residue located in the channel at 
about half the distance from the N-side to the 
BNC (Fig. 4 B). The K-channel is shorter than 
the D-channel and leads exclusively to the 
BNC. The K-channel starts from Glu-78 of 
subunit II or Ser-291 of subunit I and leads to 
the BNC via Lys-354, Thr-351, and Tyr-280 
[which is cross-linked to His-276]. Two to 
three water molecules have been resolved 
within the channel. The K-channel is 
responsible for the uptake of one or two 
‘chemical’ protons in the reductive half of the 
catalytic cycle (Fig. 5 and see below). No H+-
collecting antenna was proposed at the 
entrance of this channel (Karpefors et al. 
1998). 
 
The D-channel continues to the H+ exit 
channel. It should be located above the hemes’ 
propionates and lead to a so-called ‘pump site’ 
[where the H+ to be pumped is pre-loaded] and 
further on to the P-side (Fig. 4 B). The identity 
of the ‘pump site’ is under question and the 
current view suggests propionate A of heme a3 
(Wikström & Verkhovsky 2007) (see also 
Proton pump section). A number of water 
molecules and polar residues are found above 
the hemes’ propionates which connect the 
‘pump site’ with the P-side of the membrane. 
The heme a3 ∆-propionate and the two 
conserved Arg residues [Arg-473 and Arg-
474] interacting with ∆-propionate have been 
shown to be involved in the H+ expulsion 
(Puustinen & Wikström 1999). 
 
 
2.4.3. Oxygen input channels 
 
Based on structural (Tsukihara et al. 1996; 
Svensson-Ek et al. 2002) and computational 
(Hofacker & Schulten 1998) analyses, one and 
three hydrophobic channels for O2 diffusion to 
the BNC were proposed for P. denitrificans 
and bovine CcO, respectively. In both cases 
the channels start from the hydrophobic part of 
the membrane, where O2 solubility is the 
highest. The proposed entrance point of the 
channels is located in either subunit II or III 
leading further to subunit I and to the BNC via 
a conserved valine residue Val-279, whose 
important role was confirmed by mutagenesis 
studies (Riistama et al. 2000). 
 
 
2.4.4. Water exit channel 
 
During each catalytic turnover, which occurs 
on a time scale of milliseconds, CcO produces 
two water molecules in BNC that must be 
expelled from the enzyme. Even though a 
number of water molecules and polar amino 
acids have been identified above the regions of 
the heme propionates, rapid freeze-quench 
electron spin echo envelope modulation 
(ESEEM) studies have shown that the water 
produced in the BNC takes a specific route 
that passes next to the Mg2+/Mn2+ binding site 
(Fig. 4 B) (Schmidt et al. 2003). 
 
 
2.5. Catalytic cycle 
 
Despite the availability of high resolution 
structures of CcO, the mechanisms of O2 
reduction and H+ pumping by CcO are still 
hotly contested subjects. CcO is a relatively 
fast enzyme, performing ~300 catalytic 
turnovers per second in the case of P. 
denitrificans enzyme (Backgren et al. 2000). 
Thus, a single catalytic turnover is completed 
within a few milliseconds. A single turnover 
includes delivery of four electrons by 
cytochrome c from the P-side that are 
compensated by four protons taken up from 
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the N-side, according to the electro-neutrality 
principle (Mitchell & Rich 1994). This 
principle states that insertion of electrons into 
the low dielectric medium costs energy, 
therefore, the negative charge of an e- arriving 
in the BNC should be compensated by a 
positive charge of a H+ that is taken up next to 
the place where the e- is loaded. Indeed, the 
experiments in (Mitchell & Rich 1994) 
showed that CcO reduction is coupled with the 
uptake of about two H+s. The catalytic cycle of 
CcO consists of oxidative and reductive 
halves. In the oxidative half, O2 is bound in the 
BNC and activated, whereupon the O-O bond 
is broken [R→O transition, Fig. 5 & see 
below]. In the reductive part, the BNC gets 
filled with electrons [O→R transition, Fig. 5 
& see below]. The catalytic cycle includes 
several intermediates denoted by a one-letter 
code. The abbreviations reflect only the 
structure of the BNC and provide no 
information concerning the reductive states of 
another two redox centers: CuA and heme a. 
The basic description of the catalytic 
intermediates was obtained mainly by visible 
and resonance Raman spectroscopy. 
 
Reduced [R] intermediate. The redox centers 
of the BNC [heme a3 and CuB] are reduced in 
the R intermediate (Fig. 5 A). The other two 
eT centers – CuA and heme a – can be either 
reduced or oxidized. When all four redox 
centers are reduced, the intermediate is called 
fully reduced [FR]; in the case where only the 
redox centers of the BNC are reduced, the 
intermediate is called ‘mixed-valence’ [MV]. 
 
Ferrous-oxy [A] intermediate. An O2 
molecule binds to the BNC only when both of 
its redox centers are reduced. O2 first 
transiently binds to CuB, and then to heme a3 
(Woodruff et al. 1991; Lemon et al. 1993; 
Verkhovsky et al. 1994; Bailey et al. 1996). 
When O2 is bound to heme a3, compound A is 
formed. This intermediate was first discovered 
by Chance by a low-temperature technique 
called ‘triple-trapping’ (Chance et al. 1975). 
Later, appearance of this ferrous-oxy species 
was confirmed at a room temperature (Hill & 
Greenwood 1983; Orii 1988). O2 binds to 
heme a3 by a non-covalent bond with a τ ~8 µs 
[when FR enzyme is mixed with 1 mM O2] 
(Verkhovsky et al. 1994). 
 
‘Peroxy’ [P] intermediate was first observed 
at a low temperature upon the O2 reaction by 
Chance (Chance et al. 1975) and at that time it 
was named intermediate C which at present is 
named PM (see below). Later, PM was 
observed in a partially reverse catalytic 
reaction in energized mitochondria (Wikström 
1981). The originally proposed structure of the 
‘peroxy’ intermediate was heme a3IV-O=O2- 
with an intact O-O bond (Hill & Greenwood 
1984b). Subsequently, the structure of P was 
re-evaluated when resonance Raman 
spectroscopy revealed that the appearance of 
PM is concomitant with the appearance of a 
band at 804 cm-1. This band is characteristic of 
the BNC structure with an already cleaved O-
O bond: heme a3IV=O2-/CuBII-OH- 
(Proshlyakov et al. 1998). The ‘peroxy’ 
intermediate can be present in one of two 
forms depending on the initial reduction state 
of CcO. In the case where the reaction of CcO 
with O2 occurs with the enzyme in the MV 
form, the ‘peroxy’ PM intermediate is formed 
with a τ ~150 µs (Hill & Greenwood 1984a; 
Oliveberg et al. 1989; Varotsis et al. 1990). 
When the O2 reaction is initiated with the FR 
enzyme, the ‘peroxy’ PR intermediate is 
formed with τ ~30-40 µs (Oliveberg et al. 
1989; Han et al. 1990; Verkhovsky et al. 1994; 
Ädelroth et al. 1998). The letters M and R 
refer to the initial state of CcO (Morgan et al. 
2001). At the P intermediate formation, the 
dioxygen bond gets broken for which four 
electrons and a proton are required. However, 
the formation of the P intermediate is not pH-
dependent (Oliveberg et al. 1989) and is not 
coupled to H+ uptake from solution (Ädelroth 
et al. 1998). Nevertheless, the reaction of P 
formation is slowed in D2O (Karpefors et al. 
2000), indicating intra-protein pT. Two 
electrons are extracted from heme a3; heme a3 
is oxidized from the ferrous to the ferryl state 
[heme a3II→heme a3IV]. One e- is derived from 
CuB; CuB is oxidized from cuprous to a cupric 
state [CuBI→CuBII]. The source of the fourth e- 
depends on the initial reductive state of CcO: 
[i] heme a in the case of FR and [ii] Tyr-280 
in the case of MV enzyme. Tyr-280 is located  
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Figure 5. The intermediates of the catalytic cycle with the corresponding structures of the binuclear 
center (A) and the H+ translocation events during the catalytic cycle (B). Protons taken by the BNC 
for the O2 reduction chemistry are shown in magenta. Approximate time constants of the catalytic 
transitions are presented. Altogether four pumping steps occur per O2 molecule reduced. The H+ 
translocation events are shown as a red arrow and only for the oxygen reaction with MV enzyme. 
Electrons arriving at the BNC are marked in green. 
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in very close proximity to the metal centers of 
the BNC and is cross-linked to one of the 
ligands of CuB – His-276 (Fig. 18). The 
hydroxyl group of Tyr-280 points directly 
towards the O2-binding cavity between heme 
a3 and CuB. The H+ required to break the 
dioxygen bond must be extracted from the 
inside of the enzyme. The same Tyr-280 
provides this H+ (paper II). Thus, Tyr-280 is 
in its de-protonated form [Tyr-O-] in PR and in 
a neutral radical form [Tyr-O•] in PM (Fig. 5 
A). The PR intermediate decays rapidly into 
the ferryl intermediate (see below), while PM 
is stable on the time-scale of minutes and is 
transformed into the ferryl species when CcO 
receives an additional e-. The e- in experiment 
is provided by an artificial e- donor: ruthenium 
bipyridyl. 
 
Ferryl [F] intermediate is a product of the 
decay of the P intermediate. PR decays to F 
with a τ ~50 µs (Ribacka et al. 2005), and PM 
to F with τ ~90 µs (Verkhovsky et al. 2006). F 
was first observed in a reversed eT experiment 
(Wikström 1981). The ‘chemical’ H+ taken up 
via the D-channel, is delivered to the hydroxyl 
ligand of CuB with the formation of water (Fig. 
5 A). Moreover, one H+ is pumped during the 
P→F [both PR→F and PM→F] transition. In 
the case of the PM intermediate, an e- ends up 
in Tyr-280, while the PR→F transition is not 
accompanied by the eT to the BNC. 
 
Fully oxidized [O] intermediate is the next 
intermediate after F and may exist in different 
forms that vary in the rate of reduction and 
reactivity towards external ligands (Moody 
1996). When CcO is purified from the 
membrane, it is present in a ‘resting’ O state. 
Reduction and re-oxidation of the ‘resting’ 
enzyme produces the so-called ‘pulsed’ OH 
state. The enzyme in the fully oxidized 
intermediate ‘resting’ [O] and ‘pulsed’ [OH] 
differs in its ability to pump protons in the 
reductive part of the catalytic cycle: the 
reduction of the OH intermediate is 
accompanied by H+ pumping (Fig. 5 B), while 
the reduction of O is not (Verkhovsky et al. 
1999; Bloch et al. 2004). Earlier, it was 
proposed that the distinction between O and 
OH was due to the different ligands and the 
redox properties of the BNC (Bloch et al. 
2004). Presently, it is thought that the 
difference lies in the reorientation of the water 
molecules or in their disappearance from the 
hydrophobic cavity around the BNC. This 
proposal is made based on the equality of the 
spectral properties of both intermediates 
((Jancura et al. 2006), paper III, and results 
below). If no reductant is added to the OH 
intermediate, it soon relaxes to O. OH is 
formed from the F intermediate in two 
spectrally equal phases with time constants τ1 
~0.2 and τ2 ~1.3 ms (Ribacka et al. 2005). 
Upon OH formation, an e- arrives at heme a3, 
and a ‘chemical’ H+ arrives at the oxygenous 
ligand of heme a3, forming a hydroxyl (Fig. 5 
A). Moreover, the F→OH transition is coupled 
to a pumping of one H+. 
 
One-electron reduced [E] intermediate is 
formed from the O intermediate when the first 
e- arrives in the fully oxidized BNC. In a 
kinetically generated E intermediate [EH], the 
e- ends up on CuB (Belevich et al. 2007) and a 
proton on Tyr-280 (see (Wikström & 
Verkhovsky 2007) and paper III). The 
pumping of H+ upon formation of the E 
intermediate is possible only when CcO is 
reduced shortly after the oxidation, i.e. during 
the OH→EH transition and is absent during the 
O→E transition. In case of the equilibrium 
conditions [the E species], the e- is distributed 
among the two hemes and CuB due to 
similarity of their Em values ((Moody et al. 
1991) and paper I). The EH→R transition 
should be accompanied with the pumping as 
well (Bloch et al. 2004), re-generating the 
initial R intermediate. The E→R transition is 
not coupled to H+ pumping, perhaps by a 
similar reason as the O→E transition. 
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2.6. Proton pump 
 
The ability of CcO to pump protons was 
discovered more that 30 years ago by 
Wikström (Wikström 1977). For each O2 
molecule reduced, four protons are pumped 
using the free energy of the oxygen reduction 
as a driving force. It took a number of years to 
define the stoichiometry of H+ pumping in the 
steps of the catalytic cycle. First, it was 
proposed that the oxidative half of the catalytic 
cycle exclusively was accompanied by the 
pumping (Wikström 1981) since the reduction 
of the ‘resting’ O state was thought not to be 
linked to pumping. Later, it became clear that 
pumping is absent during the reduction only 
for the enzyme in the ‘resting’ state [O], while 
it is present in the enzyme immediately after 
the oxidation [in a ‘pulsed’ OH state] 
(Verkhovsky et al. 1999; Bloch et al. 2004). In 
1999 Verkhovsky et al. showed that for each 
half of the catalytic cycle – reductive and 
oxidative – two protons are pumped 
(Verkhovsky et al. 1999). Later, it was shown 
by a combination of electrometry and H+ 
pumping measurements that each step – 
PM→F, F→OH, OH→EH, EH→R – is coupled 
to translocation of one H+ across the 
membrane (Bloch et al. 2004) (Fig. 5 B). 
 
The mechanism of H+ pumping has been 
proposed to be identical for each of the four 
catalytic transitions (Belevich et al. 2007) and 
to consist of three steps: [i] a ‘pumped’ H+ is 
taken up from the N-side via the D-channel 
ending up at Glu-278, [ii] H+ loaded by Glu-
278 into the ‘pump site’ via a chain of water 
molecules within the hydrophobic cavity, and 
finally [iii] expelled from the ‘pump site’ to 
the P-side (Fig. 4 B). 
 
The ‘pump site’ was first proposed to be the ∆-
propionate (Wikström et al. 2003) due to its 
direct connectivity with Glu-278 via a chain of 
waters, then the preference shifted to the A-
propionate (Wikström & Verkhovsky 2007) of 
heme a3 (Fig. 4 B) based on the electrostatic 
interaction of an e- on heme a and the proton 
in the ‘pump site’. Anyhow, the ‘pumped’ H+ 
might first transiently reside at the A-
propionate and further be transported to ∆-
propionate. Glu-278 plays a special role in H+ 
pumping and distributing protons between the 
BNC and the ‘pump site’. From this point of 
view, however, it is interesting that the 
terminal oxidases lacking Glu-278 [ba3 for 
example] still pump protons. 
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3. AIMS OF THE STUDY 
 
The eT in CcO between the redox centers has 
been extensively studied and the consequence 
of these steps has been resolved, mainly due to 
a high absorptivity of the redox centers in the 
visible spectral region. The pT route in the 
course of the catalytic cycle was first predicted 
from site-directed mutagenesis experiments 
and later supported by structure analysis and 
time-resolved electrometric measurements. 
However, these techniques do not allow 
probing of the nature of the protolytic centers 
themselves. For this we applied modern 
infrared FTIR [= Fourier transform infrared] 
spectroscopy to follow the protolytic reactions 
that occur during the CcO catalysis. More 
specifically, the aims of this study were: 
 
 to define the redox properties [Ems and 
the redox interactions] of metal redox carriers 
in an equilibrium redox titration followed by 
FTIR; 
 
 
 to assign the infrared bands in the 
redox spectrum to each redox center based on 
their redox titration properties and to use this 
assignment for further data interpretation; 
 
 to discover the H+ donor for the 
dioxygen bond cleavage, which occurs during 
formation of the ‘peroxy’ intermediate; 
 
 to find out the stage in the catalytic 
cycle at which this H+ donor becomes re-
protonated; 
 
 to probe the distinctions between the 
‘pulsed’ and ‘resting’ fully oxidized 
intermediates; 
 
 to probe the protolytic centers that take 
up protons in the reductive part of the catalytic 
cycle; 
 
 to probe the protolytic transition of 
Glu-278 [a key residue in the H+ translocation 
mechanism] during the catalysis. 
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4. METHODOLOGY 
 
The pT that occurs upon the catalytic 
reduction of O2 by CcO can be studied by two 
main approaches: [i] at equilibrium conditions 
when the catalytic intermediates are generated 
by applying the corresponding electrochemical 
potential, and [ii] at time-resolved conditions 
when the appearance of the intermediates is 
detected in ‘real time’ (microseconds-to-
milliseconds for CcO). Both approaches have 
their pros and cons. ‘Equilibrium’ methods are 
applied to study the reductive part of the 
catalytic cycle. They are readily available and 
relatively easy to use, however cannot reveal 
the behavior of the enzyme in real time during 
the catalysis. This question can be answered 
by the time-resolved methods which show the 
formation of the intermediates in real time. On 
the other hand, these methods are more 
complicated than ‘equilibrium’ ones and 
demand a time resolution on the order of 
microseconds and even nanoseconds for CcO. 
Moreover, in time-resolved mode, the enzyme 
molecules must be highly synchronized in 
order to make all of them proceed through the 
catalytic cycle at the same time. These 
methods are mainly developed to study the 
oxidative part of the catalytic cycle. 
 
In this study, we applied both equilibrium and 
time-resolved approaches based on, first of all, 
FTIR spectroscopy, and also visible 
spectroscopy, and electrometry to study pT in 
CcO from P. denitrificans. 
 
 
4.1. FTIR spectroscopy 
 
The infrared [IR] region of the electromagnetic 
spectrum lies between the visible and the 
microwave regions and can be divided into 
three sub-regions: near-IR [14000-4000 cm-1], 
mid-IR [4000-400 cm-1], and far-IR [400-10 
cm-1]. The most suitable region for the 
structural analysis of macromolecules is mid-
IR, and especially the fingerprint region 
[1500-500 cm-1]. The energy of infrared 
radiation is expressed in cm-1 [reciprocal 
centimeters = the number of wave cycles in 
one centimeter]. 
 
The atoms in a molecule change their 
orientation relative to each other, i.e. they 
vibrate. Absorption of infrared radiation 
occurs when the energy of the radiation 
matches the energy of a specific molecular 
vibration. Then, the amplitude of the vibration 
rises. A molecule can have several types of the 
vibrations: [i] stretching vibrations that change 
the bond length [symmetrical and 
asymmetrical] and [ii] bending vibrations that 
change the bond angle [scissoring, twisting, 
rocking, and wagging] (Fig. 6). The position of 
the band [ν, cm-1] for the simplest case – the 
stretching vibration of a diatomic molecule – 
can be defined from the equation: 
 
 
where ν is the wavenumber [cm-1], k – bond 
force constant [dynes/cm], c - velocity of light 
[cm/s], and µ - reduced mass: 
 
 
 
where m1 and m2 are the masses of atoms 1 
and 2, respectively [g]. 
 
The number of the molecular vibrations of a 
molecule is basically defined by the number of 
atoms from which it is composed. Thus, for a 
molecule composed of N atoms, the number of 
molecular vibrations is 3N-6 for a nonlinear 
molecule and 3N-5 for a linear one.  
 
Not all molecules are IR active, only those 
whose dipole moments change at their 
interaction with infrared radiation. 
 
The IR spectrum, like any other optical 
spectrum, represents the number of photons 
absorbed depending on the frequency of the IR 
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Figure 6. Molecular vibrations. ‘+’ indicates motion from the plane of page toward reader; ‘–‘ indicates 
motion from the plane of page away from reader. 
 
radiation. 
 
The first generation of IR spectrometers was 
monochromator-based [prism or grating]. 
Later, FTIR spectrometers were developed, 
with the defining feature being that their main 
optical part is an interferometer. Nowadays, 
FTIR spectrometers are much cheaper than the 
conventional IR machines, since fabrication of 
interferometers is easier than of 
monochromators. Moreover, measurement of a 
single spectrum using an FTIR spectrometer is 
much faster allowing a number of single 
spectra to be obtained and then averaged, 
resulting in improved sensitivity. Because of 
their various advantages, virtually all modern 
infrared spectrometers are FTIR instruments. 
The FTIR spectrometer measures all the 
wavenumbers simultaneously with a 
Michelson interferometer (Fig. 7). The 
incoming infrared light beam from the source 
of the IR radiation [globar lamp] enters the 
interferometer, is divided by a beamsplitter 
into two beams, one of which is reflected from 
a fixed mirror – beam a and the other – from a 
moving mirror – beam b. Then, both beams are 
collected on the beamsplitter and passed via a 
sample compartment [ATR prism with a 
protein film in our case] to a detector. On the 
detector an interferogram is measured. The 
interferogram represents the dependence of the 
intensity of the IR signal on the optical path 
difference [difference in optical path length 
between the paths of the beams a and b]. The 
interferogram is automatically calculated into 
an infrared spectrum with Fourier transform 
formula: 
 
 
 
where B(ν) is the resulting IR spectrum, ν – 
wavenumber [cm-1], I(δ) – interferogram, and 
δ – optical path difference. 
 
IR spectra can be measured in different modes: 
absorbance, transmission, reflectance, 
emission, and photoacoustic. Each mode of 
acquisition requires a specific sample 
preparation. 
 
The burst of application of FTIR spectroscopy 
to biological macromolecules occured with the 
appearance of a ‘difference’ approach. The IR 
spectra of proteins and other biological 
macromolecules are extremely complex, 
composed of thousands of vibrations (see for 
example (Kotting & Gerwert 2005)). The 
‘difference’ approach allows the detection of 
exclusively reaction related changes in the 
macromolecules. In this approach, two IR 
spectra are measured: one before the reaction 
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Figure 7. Scheme of an FTIR spectrometer equipped with ATR prism. The main part of the 
spectrometer is a Michelson interferometer. The FTIR spectrometer can be combined with other external 
devices, for example visible spectrometer, potentiostat etc. 
is initiated and the second after the reaction, 
and the difference between them is calculated. 
The resulting difference spectrum includes 
only vibrations that belong to the chemical 
groups participating in the reaction, and the 
major background of macromolecule 
absorption is excluded since it remains 
unchanged. There will still be tens-to-hundreds 
of bands in the difference spectrum in the mid-
IR region. However, it will already be possible 
to analyse and assign them by applying: [i] 
isotopic labeling, and/or [ii] site-specific 
mutagenesis. In structural terms the difference 
FTIR spectroscopic approach can detect 
changes as small as 0.1 Å shift in the position 
of a chemical group. 
 
 
4.2. ATR-FTIR 
 
One type of reflectance FTIR spectra is 
attenuated total reflectance [ATR] which is 
based on the property of the total internal 
reflection of the light beam when it strikes a 
medium boundary at an angle larger than the 
critical angle. In the ATR technique, the IR 
light is directed by the ATR focusing element 
(Fig. 8) to the ATR microprism and to the 
sample, reflected inside of the microprism, 
from the boundaries between the prism & the 
focusing element and the prism & the sample. 
Then the infrared beam is collected by the 
focusing element and delivered to a detector. 
When the IR beam enters the prism and 
reflects from the boundary between the prism 
and sample, it penetrates into the sample 
slightly. The depth of penetration [DP] of the 
IR beam is the optical path of the beam in the 
ATR-technique, which is on the order of 
several µm. Thus, a good contact between the 
sample and the ATR crystal surface is a 
prerequisite of an adequate spectra 
measurement. The penetration depth is 
different for different prism materials and at 
different wavenumbers: 
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where n1 and n2 are the refractive indices of 
the prism and the sample, respectively; Θ – 
angle of incidence; W – wavenumber [cm-1]. 
 
To eliminate the effect of the distinction in 
optical path at different wavenumbers, an 
automatic ATR correction [in software from 
FTIR spectrometer] was applied. Depending 
on the number of reflections of the IR beam 
inside of the ATR prism [1, 3, 9 etc.], the 
overall optical path is calculated as DP 
multiplied by 1, 3, 9 etc., respectively. 
 
The ATR technique is widely used for the 
analysis of solid and liquid samples and has 
several advantages over transmission 
spectroscopy: [i] only a very small amount of 
sample is required [0.1-0.5 mg of purified 
protein] (Rich & Iwaki 2007), [ii] the optical 
path does not change from experiment to 
experiment, and [iii] the conditions [redox 
potential, pH, buffer composition etc.] can be 
changed with the same sample film during an 
experiment. 
 
 
 
Figure 8. The home-made ATR–chamber 
together with the ATR prism. The chamber is 
equipped with a light guide from a visible 
spectrometer. Buffer is delivered to the inlet of the 
chamber by an external flow pump [not shown] 
and flows continuously through the chamber. The 
design of the chamber is based on that described in 
(Rich & Breton 2002). The light-guide from the 
visible spectrometer operates in reflectance mode. 
 
ATR prisms can be made of different materials 
but the most exploitable ones are silicon, 
germanium, and diamond. The focusing 
element of the ATR prism can be made of 
different materials as well. In our experiments 
we used an ATR prism made of silicon and the 
focusing element – ZnSe (Fig. 11), Sens IR 
Technologies, three-bounce version. 
 
Preparation of the sample of CcO for ATR-
FTIR spectroscopy requires a specific 
procedure. Since the surface of the ATR prism 
is hydrophobic and the purified membrane 
protein such as CcO contains a lot of 
detergent, the initial CcO sample must be 
depleted of detergent before its immobilization 
onto the prism. To eliminate a detergent, the 
CcO sample is washed several times with large 
volumes of low-ionic strength buffer as first 
described in (Rich & Breton 2002). The 
sample that is ready for immobilization on the 
prism is called an ‘ATR-sample’. The ‘ATR-
sample’ is loaded onto the surface of the ATR 
prism, dried and rewetted with a high-ionic 
strength buffer. Next, the immobilized CcO 
film is covered with one of the chambers or 
the electrochemical cell (Fig. 8, 11, and 13), 
depending on the type of experiment. The 
construction of the flow-through chamber that 
allows acquisition of FTIR and visible spectra 
simultaneously is shown in Figure 8. 
 
The concentration of the total bulk of CcO 
molecules [rewetted] on the ATR prism is 
estimated based on the following formula and 
used to further correlate the data from the 
different experiments: 
 
 
 
where D is optical density in the amide II 
region at ~1550 cm-1, ε – extinction coefficient 
for the single peptide bond [M-1*cm-1] 
(Rahmelow et al. 1998), DP – penetration 
depth [cm], N – number of internal reflections 
inside of the ATR prism, n – number of amino 
acid residues in the enzyme: 
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4.3. Redox titration by FTIR 
 
Anaerobic equilibrium redox reactions of CcO 
and any other electron-transfer molecule can 
be studied by applying the desired 
electrochemical potentials. Different detectors 
can be used to follow redox reactions: electron 
paramagnetic resonance, visible & Raman 
spectroscopies etc. Nevertheless, these 
methods do not provide information 
concerning the redox properties of all four 
metallic redox centers in CcO. FTIR 
spectroscopy is insensitive to the metal 
transitions themselves. Instead, it can detect 
the vibrations of the chemical groups 
surrounding the metal redox centers: the 
ligands of coppers and hemes’ irons, as well as 
the hemes themselves. The surrounding 
chemical groups should be sensitive to the 
redox events of the metal transitions. To 
perform the redox titration of CcO, a setup 
based on FTIR spectrometer IFS 66/s (Fig. 9 
and paper I) equipped with a home-made 
electrochemical flow-through cell (Fig. 10) 
and a fast MCT detector was constructed and 
used. The electrochemical cell is connected to 
a potentiostat and to the ATR prism with the 
immobilized enzyme, and the potential is set 
automatically by software written in our lab by 
N. Belevich. A buffer with redox mediators 
(see below) is continuously flowed through the 
working electrode of the electrochemical cell 
to the ATR-chamber in order to equilibrate the 
enzyme with the potential set by the 
potentiostat. 
 
The redox titration of CcO was performed in a 
potential range 0:+480 mV vs. NHE with a 
potential step of 40 mV, detected by the FTIR 
spectrometer, at three pH values: 6.5, 8.0, and 
9.0 (paper I) at room temperature. The speed 
of equilibration of the enzyme film with the 
potential of the WE was increased using a set 
of three mediators that cover the studied redox 
range: [i] 1,2-diaminocyclohexane-N,N,N’,N’-
tetraacetic acid + Fe, with corresponding Em 
+95 mV, [ii] terpyridine2 cobalt, Em +265 mV, 
and [iii] ferrocene acetate, Em +370 mV. The 
equilibration of the potential between the WE 
and the enzyme film during the experiment 
was monitored in the visible spectral region. 
The buffer with mediators was continuously 
flowed through the electrochemical cell and 
the ATR-chamber which was driven by an 
external pump (Fig. 9). 
 
The CcO concentration was estimated based 
on the formula in the previous section to be ~ 
3 mM. 
 
 
 
Figure 9. The setup for the redox titration followed by FTIR spectroscopy: based on FTIR 
spectrometer IFS 66/s equipped with a silicon/ZnSe ATR microprism and the home-made flow-through 
electrochemical cell. The ATR prism with the CcO sample immobilized on its surface is covered with the 
chamber shown in Fig. 8. 
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Figure 10. The home-made flow-
through electrochemical cell. The 
gold grains are used as a 3D working 
electrode [WE], a platinum-plated 
titanium grid as the counter electrode 
[CE], and Ag/AgCl/saturated KCl [not 
shown, perpendicular to the plane of 
the page] as the reference electrode 
[RE]. The design of the cell is based on 
a previously published setup 
(Vuorilehto et al. 2004). To restrict 
diffusion of the O2 that is produced on 
the CE and moves into the flowing 
buffer with the mediators, the CE is 
isolated from the WE by two ion-
exchange membranes and a 
compartment that is filled with the 
buffer and continuously bubbled with 
N2. 
 
 
 
 
When large volumes of buffer were 
impossible, the small-volume electrochemical 
cell (Fig. 11) was used; for example in the case 
when the redox FTIR spectra of CcO in D2O 
and H218O were obtained (paper IV). 
 
 
 
 
 
 
Figure 11. The home-made small-
volume electrochemical cell. The cell 
is connected to the potentiostat, the inlet 
and outlet are served to load the cell 
with the redox buffer. The cell was first 
described and applied by Iwaki et al. in 
(Iwaki et al. 2005). 
 
 
 
 
 
 
 
4.4. Flow-flash FTIR 
 
The reaction of CcO with O2 [= oxygen 
reaction] in vitro in solution in the presence of 
a reduced cytochrome c leads to the formation 
of a mixture of intermediates (Cooper 1990) 
which makes it extremely difficult to study the 
mechanism of CcO under steady-state 
conditions. In order to overcome this obstacle, 
several approaches can be applied; all of them 
are based on the synchronization of the whole 
bulk of enzyme molecules. The flow-flash  
METHODOLOGY 
 
31 
(FF) approach is one of the kinetic experiment 
that makes it possible to obtain information 
about how CcO functions in ‘real time’. In this 
approach, all CcO molecules are first 
synchronized and then the substrate [O2] must 
be added faster than the appearance of the first 
intermediate. The FF approach was developed 
by Gibson and Greenwood (Gibson & 
Greenwood 1963; Greenwood & Gibson 
1967). First, the reduced CcO is inhibited with 
CO. For the FTIR FF, the FR form of CcO is 
generated and inhibited with CO, producing 
the FRCO form. The latter is photolabile. As 
soon as the FRCO compound is formed, O2 
can be added as an O2-saturated buffer, shortly 
after which a laser flash photodissociates CO. 
Thus, a synchronized FR CcO can readily 
react with O2, since the binding of O2 [τ ~8 µs 
(Hill & Greenwood 1983; Orii 1988)] is much 
faster than the re-binding of CO [~20 ms at 
100 % CO ((Belevich et al. 2006) and paper 
V)]. However, only the intermediates of the 
oxidative part (Fig. 5) of the catalytic cycle 
can be studied by the FF approach. 
 
Several time-resolved techniques: visible, 
Raman spectroscopies, and electrometry may 
be applied as FF methods. The FF FTIR 
approach was first applied in this work. The 
FRCO compound is prepared following a 
similar procedure described in (Jasaitis et al. 
1999) for FF electrometry, however, on the 
ATR prism (paper V). Formation of the 
FRCO compound was monitored by the 
appearance of the infrared band at 1965 cm-1 
that belongs to the stretching C≡O vibration of 
the CO-heme a3 complex (Yoshikawa et al. 
1977). The setup for the FTIR FF method is 
based on the FTIR spectrometer (Fig. 12) 
equipped with the silicon ATR prism and a 
specially designed chamber (Fig. 13 and 
paper V). This setup makes it possible to 
acquire time-resolved spectra in both the 
visible and IR spectral regions from the same 
sample. The reaction of O2 with the FRCO 
enzyme is initiated by a laser pulse that is 
delivered to the CcO film by an optical fiber, 
after the O2-saturated buffer is injected. 
Control of the reduction of CcO and 
measurement of the kinetics of absorbance 
changes in the visible range are achieved by 
the spectrophotometer HR2000+ equipped 
with a reflectance probe (Fig. 13) with a time 
resolution of 1 ms per spectrum. The O2 
reaction in the IR region is followed by a 
Rapid-Scan FTIR approach with a time 
resolution of ~46 ms per spectrum (paper V). 
The sequence of the signals to the FTIR 
spectrometer, O2 syringe pump, flow pump, 
and to the laser is controlled by the timing 
board. The scheme of the setup is shown in 
(Fig. 14). 
 
The concentration of the FF active CcO was 
estimated based on 1965 cm-1 band (paper V) 
to be 0.5-1.45 mM for different enzyme 
preparations. 
 
 
 
Figure 12. The setup for the FTIR FF measurements based on IFS 66/s FTIR spectrometer equipped 
with a special chamber mounted on the ATR prism (Fig. 13). 
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Figure 13. The home-made ATR-
chamber for the FTIR FF 
experiments. The needle of the syringe 
with the O2-saturated buffer is directed 
towards the center of the enzyme film at 
a distance of ~0.5 mm, to produce a 
high local concentration of O2 for the 
duration of the reaction. The reflectance 
probe of the visible spectrometer is 
positioned at a distance of ~2 mm from 
the enzyme film. After measurement of 
the oxygen reaction, CcO is re-reduced 
by the buffer flow from the evacuated 
bottle through the ATR-chamber. For 
this, the inlet and the outlet of the ATR 
chamber are connected to a reservoir 
filled with the buffer. The reservoir is 
filled with 100 % CO. The buffer 
pumping is performed by a flow-pump. 
 
 
 
 
 
 
 
Figure 14. The scheme of the setup for FTIR FF measurements on CcO. The sequence of the timing 
board signals is: [i] stop the flow-pump, [ii] measure background, [iii] start to measure kinetics in time-
resolved mode, [iv] injection of the O2-saturated buffer, and [v] the laser flash. 
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4.5. Flow-flash visible spectroscopy 
 
FF visible spectroscopy and electrometry 
follow the same basic principle as all FF 
approaches. However, the type of detection 
system and sample preparation is different. For 
FF visible spectroscopy, the CcO sample is 
diluted in the O2-free buffer, reduced to the 
FR form and inhibited with CO (Belevich et 
al. 2007). The setup for FF visible 
spectroscopy was constructed in our lab and its 
detailed description was presented in 
(Belevich et al. 2007). The setup is composed 
of a multiwavelength (380-820 nm) home-
made CCD-based spectrometer that can collect 
the whole spectral region each microsecond. 
The light source is a pulsed 150-W xenon 
lamp. Light from the lamp is passed through 
an optical fiber to a three-syringe stopped-flow 
module equipped with a cuvette with the 
loaded sample. The light is further directed to 
a Triax-180 compact imaging spectrograph 
with a fast CCD sensor. The FRCO CcO is 
mixed with the O2-saturated buffer. Shortly 
after mixing, the laser dissociates CO and the 
fully reduced CcO reacts with O2. 
 
 
4.6. Flow-flash electrometry 
 
The electrometric approach allows the 
detection of charge transfer [protons and 
electrons] or dipole re-orientations that occur 
perpendicular to the membrane plane. Time-
resolved electrometry was first applied to 
bacteriorhodopsin (Drachev et al. 1974; 
Drachev et al. 1979) and later to CcO by the 
Moscow group when the F→O transition was 
measured (Zaslavsky et al. 1993). Later, in our 
group, eT and pT in CcO in ‘real time’ were 
followed (Verkhovsky et al. 1997). The FF 
electrometry differs from other FF approaches 
from the point of view of sample preparation. 
In electrometry, CcO is incorporated into 
liposomes that are fused with a membrane 
separating the two compartments of the 
electrometric cell, each of which contains 
Ag/AgCl2 electrodes. The voltage across the 
measuring membrane follows the voltage 
generation across the liposome’s membrane 
proportionally, allowing the kinetics of charge 
translocation to be recorded. The 
proteoliposomes are forced to associate with 
the membrane of the electrometric cell by 
CaCl2 addition. The prepared sample is placed 
in a gas-tight box which is filled with 100 % 
CO. The O2 reaction, as in all FF methods, is 
started by the injection of the O2-saturated 
buffers next to CcO via a needle after which 
the reaction is initiated by a laser flash (Jasaitis 
et al. 1999). 
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5. RESULTS AND DISCUSSION 
 
5.1. Redox titration 
 
The thermodynamic properties of CcO in the 
reductive part of the catalytic cycle were 
studied by the equilibrium redox titration 
(paper I). The titration was performed in the 
potential range 0:+480 mV with a step of 40 
mV, in the infrared (1800-1000 cm-1 and 4000-
2500 cm-1) and visible (400-650 nm) regions 
simultaneously, at pH values of 6.5, 8, and 9. 
As a result, three-dimensional surfaces ‘∆OD-
potential-wavenumber [or wavelength]’ in 
both optical regions were obtained (Fig. 15) at 
each pH value. ∆OD refers to the difference 
spectra of the O→R transition, where the 
reductive potential (0 mV) was kept constant 
but the oxidative potential was gradually 
changing. 
 
The redox-dependent signatures in the IR 
region do not directly reflect the metal redox 
transitions themselves but indirect vibration 
changes of the chemical groups surrounding 
the metal centers. The chemical groups 
surrounding each redox center can be expected 
to be sensitive to the redox state of that 
particular redox center. 
 
At each peak and trough of the FTIR surface 
(Fig. 15 A) the redox titration curve 
[dependence of ∆OD on the redox potential] 
(see Fig. 16) was extracted at each pH value. 
All of the sets of redox titration curves were 
intuitively divided into four groups (groups A-
D in Fig. 16) based on the similarity of their 
redox- and pH-behavior. Each of these four 
groups was assigned to one of the four redox 
centers, respectively. 
 
Group A (Fig. 16 A) was assigned to CuA 
oxidoreduction due to its pH-independent Em 
~250 mV (Wang et al. 1986; Zickermann et al. 
1995). Group B was assigned to redox 
transitions of CuB because of the pH-
dependence of Em which was ~60 mV/pH unit 
(Wilson et al. 1976). The two remaining 
groups (C & D) were assigned to the 
oxidoreduction of hemes based on their redox- 
and pH-behavior. 
 
Both groups C and D show splitting of the 
redox titration curve into low- and high-
potential parts. That behavior was earlier 
assigned as a property of the oxidoreduction of 
CcO hemes (Nicholls & Petersen 1974). 
Although the difference between these two 
groups is not readily observed, the ratio of the 
low- to high-potential parts is close to 2:3 for 
 
 
 
Figure 15. 3D-surfaces representing the redox titration in the infrared (A) and visible (B) optical 
regions. Each surface shows the development of the spectrum of the O→R transition of CcO during a 
stepwise increase of the oxidative potential. 
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Figure 16. The redox titration behavior of four redox centers of CcO [blue line – pH 6.5, red – 8, and 
green – 9] assigned to each redox center: group A to CuA [OD difference from a representative band at 
1431 cm-1 is shown], B to CuB [1308 cm-1 band], C to heme a [1661 cm-1 band], and D to heme a3 [1641 
cm-1 band]. The experimental data are represented as circles, squares, and triangles. They are fitted by 
Nernstian equations; the results of the fit are shown as lines. 
 
the group C and 3:2 for the group D. The 
CcO’s redox titration performed in the visible 
region, in the α- and Soret-regions, 
(unpublished data of D. Bloch) suggested a 
splitting of 2:3 for heme a and 3:2 for heme a3. 
 
The splitting of the heme’s redox titration 
curves appears as a result of the heme-heme 
anti-cooperative electrostatic interaction 
(Nicholls & Petersen 1974; Wikström et al. 
1981) described in the ‘neoclassical model’ 
(Nicholls & Petersen 1974). The fit of the data 
points of groups C and D by the ‘neoclassical 
model’ provides information about [i] the 
midpoint redox potentials without interactions 
for both hemes, [ii] the magnitude of the redox 
anti-cooperativity between the hemes, [iii] the 
midpoint redox potentials for the low- and 
high-potential transitions, and [iv] an 
equilibrium constant of the eT between the 
hemes (paper I). 
 
The pH-dependence of the CuB Em of ~60 
mV/pH unit (Fig 16 B) suggests that the 
reduction of CuB is accompanied by uptake of 
one H+ from the outside. The pH-dependence 
of the oxidoreduction of each of the hemes is 
~30 mV/pH unit (Fig. 16 C & D). This 
suggests that the reduction of both hemes is 
coupled to the uptake of one H+. Altogether, 
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the reduction of CuB and both hemes is 
coupled to the uptake of two protons from the 
outside, which is in agreement with the 
literature (Mitchell & Rich 1994). The CuB 
oxidoreduction [band at 1308 cm-1] can be 
fitted with a simple Nernstian equation (Fig. 
16 B). CuB is located at a distance of ~5 Å 
from heme a3, which assumes a strong 
electrostatic interaction between them. The 
interaction may be eliminated if the arrival of 
an e- at CuB is completely neutralized by the 
uptake of a H+ next to the CuB site. In this case 
CuB oxidoreduction can be represented as a 
simple Nernstian dependence.  
Assignment of IR bands in the redox 
spectrum to metal redox centers. Each peak 
and trough in the R→O FTIR difference 
spectrum, in which oxidoreduction was 
resolved, was assigned to each of the redox 
centers (Fig. 17). The assignments were used 
in the following parts of the work. However, 
several bands in the R→O spectrum [1608, 
1483, 1473, 1456, 1410, 1109 cm-1] were 
‘contaminated’ with the redox mediator 
terpyridine2 cobalt destruction that interfered 
with the CcO bands. The spectrum in Fig. 17 
was obtained without terpyridine2 cobalt. 
 
 
 
 
 
 
Figure 17. The main IR bands 
of the R→O spectrum. The 
CcO concentration was 
normalized to 1.45 mM. The 
assignment of the infrared bands 
in the high frequency stretching 
region (4000-2500 cm-1) can be 
found in (paper I). 
 
 
 
 
 
 
 
 
5.2. Tyr-280 is a proton donor for dioxygen bond rupture 
 
One of the key reactions during CcO catalysis 
is oxygen activation and the following 
dioxygen bond splitting which occurs upon 
‘peroxy’ intermediate formation. The splitting 
of the O-O bond requires four electrons and a 
H+. Tyr-280, a residue which is cross-linked to 
His-276 (Ostermeier et al. 1997; Yoshikawa et 
al. 1998) and is positioned in close proximity 
to the BNC (Fig. 18), was proposed to provide 
that H+. 
 
In order to identify the proton donor for the 
dioxygen bond splitting and to check the ‘Tyr-
280 hypothesis’, the Glu278Gln mutant was 
used. In this mutant, Glu-278 – the key residue 
in the H+ translocation mechanism – is 
replaced with an uncharged Gln, which results 
in the strong inhibition of a pT to the BNC 
from the outside of the enzyme. In this case, 
only the reactions of the catalytic cycle that 
require no H+ uptake from the outside can 
proceed with a normal fast speed. Thus, the 
reaction of the mutant enzyme with O2 stops at 
PR (Verkhovskaya et al. 1997; Ädelroth et al. 
1997). The formation of PR proceeds without 
H+ uptake from the outside (Oliveberg et al. 
1991; Jasaitis et al. 1999), while all further 
steps of the oxygen reaction do require 
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external protons. Because of this, in the 
Glu278Gln mutant the PR species is long 
lived. Consequently, PR formation and the 
following steps of the catalysis are separated 
in time, which made it possible to detect the IR 
properties of PR by the FTIR FF approach with 
a time resolution of ~46 ms. 
 
First of all, the PR formation in this mutant 
was followed with FF visible spectroscopy 
(paper II). The PR formation in the 
Glu278Gln mutant occurs with τ ~53 µs; and it 
relaxes with τ ~1 s (paper II). The formation 
of PR in the Glu278Gln variant is not 
accompanied by oxidation of CuA (paper II 
and see below). Since the time resolution of 
the FTIR FF measurement is ~46 ms, the PR 
intermediate is observed as the difference 
spectrum forming after the laser flash with the 
FRCO state as a reference. This difference 
FTIR spectrum of the PR formation reveals a 
band at 1308 cm-1 (Fig. 19, spectrum in blue & 
paper II) that is assigned to the de-protonated 
Tyr-280 based on two factors: [i] a similar 
band is present in a de-protonated model 
compound mimicking the cross-linked Tyr and 
is absent in both the protonated and neutral 
radical forms (Cappuccio et al. 2002; Hellwig 
et al. 2002); [ii] a similar band at 1311 cm-1 
appears in the O species in the PM→O 
spectrum (Iwaki et al. 2006) that is sensitive to 
specific labeling of both Tyr and His and is in 
the region of covalently modified de-
protonated Tyr [=> belongs to de-protonated 
form of Tyr-280]. The amplitude of the 1308 
cm-1 band is roughly equal to that expected for 
de-protonation of a single tyrosine residue 
(Barth 2000). 
 
The FF electrometric measurements on the 
Glu278Gln mutant served as an independent 
method to verify the pT on PR formation. 
Since the eT from CuA does not occur during 
O-O bond splitting (paper II) and thus 
produces no electrometric signal, and eT 
between CuB, heme a3, and heme a are 
electrometrically neutral [all three are located 
at a roughly the same depth within the 
membrane], and H+ uptake from the outside 
does not occur, the electrometric signal upon 
PR formation should purely represent the pT 
from its donor to O2. The fast phase of the 
electrometric response, that developed with τ 
~90 µs and was assigned to the formation of 
the PR intermediate, represents the movement 
of a positive charge in the direction from the 
N- to the P-side over a distance of ~4 Å 
(paper II). This distance is close to that 
between the hydroxyl group of Tyr-280 and 
the dioxygen binding site (Fig. 18). All these 
facts together prove the donation of the H+ for 
dioxygen bond splitting specifically by Tyr-
280 residue. However, the distance of 4 Å is 
too large for the direct proton transfer, thus a 
water molecule should be present between the 
hydroxyl of Tyr-280 and a hydroxo group next 
to CuB. 
 
 
 
 
Figure 18. The location of the cross-linked Tyr-
280 relative to the redox centers of CcO. The 
figure is made from the bovine structure (2DYR) 
using VMD (Humphrey et al. 1996). 
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5.3. Re-protonation of Tyr-280 during the catalytic cycle 
 
Since Tyr-280 provides the H+ for O-O bond 
splitting, it must be re-protonated later on in 
the catalytic cycle in order to serve as a donor 
of H+ for the next O-O bond splitting event. To 
identify the stage of catalysis when Tyr-280 
becomes re-protonated, the amplitude of the 
1308 cm-1 band was followed by FTIR 
spectroscopy approaches in all catalytic 
intermediates after the PR species. To follow 
this band in the oxidative part, time-resolved 
FTIR spectroscopy was applied; while to 
detect the protonation status of the tyrosine in 
the reductive part, the equilibrium FTIR mode 
was used. The protonation level of Tyr-280 in 
the oxidative part was resolved in the 
Asn131Val mutant, where the ‘blocked’ 
proton-conducting D-channel resulted in a 
dramatic deceleration of the O2 reaction after 
the F intermediate (paper III). The relaxation 
of F is slowed down about a hundredfold. This 
makes it possible to resolve separately the F 
and O intermediates by the FTIR FF approach 
and to obtain the amplitude of the 1308 cm-1 
band. 
 
In F, this band is present at the full amplitude 
under both acidic and alkaline conditions as it 
appears in PR (Fig. 19, spectrum in green, 
papers II & III), indicating the full de-
protonation of Tyr-280 in F. 
The protonation level of the cross-linked Tyr 
in the fully oxidized intermediates (O and OH, 
Fig. 5) was studied under three different 
conditions: [i] in the non-pumping Asn131Val 
mutant, by FTIR FF measurements (Fig. 19, 
spectra in red and cyan), [ii] in the wild type 
CcO, by FTIR FF measurements, and [iii] in 
the wild type enzyme, by FTIR equilibrium 
measurements. In all three cases, acidic and 
alkaline conditions were sampled. In all three 
cases under alkaline conditions the amplitude 
of the 1308 cm-1 band is equal to that in the PR 
intermediate, and smaller than in acidic pH 
(papers III & IV). This indicates the full de-
protonation of Tyr-280 under alkaline 
conditions and its at least partial re-protonation 
at acidic pH. However, in physiological 
conditions, in the membrane in the presence of 
∆µH+, in the fully oxidized intermediate Tyr-
280 is fully de-protonated. Tyr-280 is located 
at a depth of 2/3 inside the membrane from the 
N-side, which corresponds to an 
electrochemical gradient of ~120 mV (the 
electrochemical gradient across the whole 
membrane is ~180 mV in respiring 
mitochondria) that in turn corresponds to a pH 
change of two units. Thus, in physiological 
conditions, the pH at the level of Tyr-280 
 
 
 
 
 
Figure 19. The protonation 
level of Tyr-280 in different 
catalytic intermediates. The 
spectrum of CO photolysis was 
measured separately and 
subtracted from each spectrum. 
The CcO concentration in all 
presented cases was 
normalized to 1.45 mM. 
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location is ~9, at which Tyr-280 is fully de-
protonated. 
 
Recent studies of the kinetically generated 
intermediate EH showed that its formation is 
accompanied by reduction of the CuB center 
(Belevich et al. 2007). Experimentally, the 
production of EH requires a special technique 
– electron injection – that has not been 
implemented for FTIR measurements, 
however, we were able to follow the 1308 cm-1 
band during the CuB reduction under 
equilibrium conditions. The anaerobic 
equilibrium reduction of CuB is coupled with 
the disappearance of the 1308 cm-1 band 
(papers I and III) indicating re-protonation of 
Tyr-280 upon the formation of the one-
electron reduced state. 
 
The two remaining intermediates in this 
process are A and R. We believed that Tyr-
280 is fully protonated in the fully reduced 
species and thus used the R intermediate as a 
reference in experiments to obtain the 
properties of all intermediates. The 
electrometric signal corresponding to 
compound A formation shows zero amplitude 
indicating the absence of electrogenic charge 
transfer on the time-scale of A formation. 
Consequently, Tyr-280 should remain 
protonated as it is in R. As a result of the 
described above findings, we proposed a 
‘protolytic cycle’ of Tyr-280 that occurs 
within the CcO’ catalytic cycle (Figure 20). 
 
 
 
Figure 20. The ‘protolytic cycle’ of Tyr-280. The 
kinetically resolved species that appear during the 
oxygen reaction of FR enzyme with O2 and the 
reduction that follows immediately afterewards. 
The anionic Tyr-280 in the OH state assumes the 
presence of ∆µH+. 
 
5.4. Distinction between ‘resting’ and ‘pulsed’ fully oxidized intermediates 
 
The CcO enzyme in the ‘resting’ O 
intermediate lacks the ability to pump protons 
during the reductive part of the catalytic cycle 
(Verkhovsky et al. 1999; Bloch et al. 2004). If 
the enzyme in the ‘resting’ form is reduced 
and O2 is added, CcO gains the ability to pump 
protons. This indicates a difference between 
the fully oxidized intermediates – ‘resting’ 
[O] and ‘pulsed’ [OH] (Fig. 5 A). The first 
proposal explaining this difference was that in 
the O state the BNC holds an additional 
exogenous ligand (Verkhovsky et al. 1999). 
Since we assume the R state to be the same in 
all three cases (see previous section), if 
differences appear in the spectra of the R→O 
transitions, they would have to arise from 
differences between the fully oxidized 
intermediates. The infrared spectra of the 
R→O transitions measured at three cases (see 
previous section) demonstrated no clear 
difference in both acidic and alkaline pH (Fig. 
21 shows the results for alkaline conditions, 
results for acidic conditions are not shown). 
Tyr-280 in all three cases is equally de-
protonated (Fig. 21, band at 1308 cm-1) 
indicating equal charge distribution in the 
BNC. Thus, the difference can be in the re-
orientation of the water molecules or in their 
disappearance in the cavity around the BNC 
during the relaxation of OH to O.  
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Fig. 21. The spectra of 
the R→O transition 
under three different 
conditions (see text of 
the previous section) at 
pH 9 and with an enzyme 
concentration of 1.45 
mM. 
 
 
 
 
 
 
 
 
5.5. Proton uptake in the reductive part of the catalytic cycle 
 
During the reductive part of CcO catalysis, 
two ‘chemical’ protons are taken up by the 
enzyme from the outside ((Mitchell & Rich 
1994) and paper I) and two more protons are 
pumped (Verkhovsky et al. 1999). Thus, the 
infrared spectrum of the R→O transition must 
include protonation signatures of at least two 
protolytic centers responsible for uptake of 
‘chemical’ protons. Additionally, protolytic 
centers involved in pumping may be seen. 
One of the protolytic centers that accepts 
‘chemical’ protons is Tyr-280, which is re-
protonated in the EH state (paper III) with a 
characteristic band at 1308 cm-1. The second 
proton-accepting site is not seen in the IR 
1800-1000 cm-1 region (paper IV). This 
assumes that it can be a hydroxyl group 
located next to heme a3 (Fig. 5 A) which 
should give an IR signal in a high frequency 
stretching region. 
 
 
5.6. Protolytic transitions of Glu-278 during catalysis 
 
Glu-278 is one of the most important residues 
in the pT mechanism of CcO. It is located at 
the end of the D-channel in the middle of the 
membrane (Fig. 4 B) and serves as a branching 
point relaying delivery of protons to the BNC 
or the ‘pump site’. Taking part in the pT, Glu-
278 must perform the protolytic transitions, 
even transiently. However, no one has 
managed to observe these. In order to prove 
that Glu-278 takes part in the pT, the mutant 
enzymes in which the entrance of the D-
channel is ‘blocked’ (Asp124Asn – paper V 
& Asn131Val – paper III) were used. In these 
mutants the delivery of protons to the BNC or 
the ‘pump site’ is inhibited. However, in these 
mutants, the ferryl intermediate is formed at a 
normal rate (Smirnova et al. 1999). Smirnova 
et al. proposed that the H+ required to 
accomplish the chemistry of forming the F 
intermediate in the D-channel mutant enzymes 
is extracted from Glu-278. All further events 
after F formation that are linked to Glu-278 re-
protonation are slowed down distinctly since 
there are no more available H+ donors within 
the enzyme. 
 
Thus, the relaxation of F to O is inhibited for 
several hundreds of milliseconds at alkaline 
pH (paper V). This allowed us to resolve the 
infrared properties of F and O separately by 
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the FTIR FF approach. The IR spectrum of the 
ferryl intermediate formation (from FRCO) 
shows a trough at 1735 cm-1 (Fig. 22 A); while 
the FTIR spectrum of the fully oxidized state 
formation contained a band at 1743 cm-1 (Fig. 
22, A) that is a counterpart to the 1735 cm-1 
band in F. The band shift around 1740 cm-1 
was earlier assigned to the protonated Glu-278 
in the equilibrium R→O spectrum (Puustinen 
et al. 1997; Hellwig et al. 1998). The trough in 
the spectrum of the FRCO→F transition and 
the peak in the spectrum of the F→O 
transition were assigned to an asymmetric 
vibration of protonated Glu-278, which means 
that Glu-278 is de-protonated in the ferryl and 
re-protonated in the fully oxidized species. 
This assignment to Glu-278 is also supported 
by the ~5 cm-1 shift of both of the bands upon 
deuteration of the sample (unpublished 
observations). The amplitudes of both the 
trough at 1735 cm-1 and the peak at 1743 cm-1 
roughly correspond to de-protonation of a 
single glutamic acid residue (Venyaminov & 
Kalnin 1990). The de-protonation and 
subsequent re-protonation can be best seen in 
the time course at a wavenumber of 1739 cm-1 
(Fig. 22 B), where the absorbance jump 
corresponds to the de-protonation that happens 
within 46 ms and is not time-resolved here [F 
formation]; the following time-resolved part of 
the trace reflects re-protonation of Glu-278 
occurring during the F→O reaction. The 
kinetics is nicely fitted by a single exponential 
curve with τ ~400 ms (Fig. 22 B, red line). 
 
 
 
 
Figure 22. The kinetic FTIR spectra of the oxygen reaction with Asp124Asn mutant CcO (A) and 
the kinetics of the oxygen reaction at 1739 cm-1 (B). The concentration of the enzyme is 0.5 mM. 
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6. SUMMARY 
 
The mechanism of the O2 reduction and 
coupled H+ translocation was studied by 
several equilibrium and time-resolved 
techniques. More precisely, FTIR 
spectrometry, visible spectroscopy and 
electrometry were used, and two FTIR based 
approaches were developed: [i] equilibrium 
redox titration and [ii] FF, which allowed the 
direct detection of the protolytic transitions of 
the pT machine in CcO. 
 
In this work the redox properties of all four eT 
centers in the equilibrium redox titration were 
defined by FTIR spectroscopy. Based on the 
redox properties of the eT centers, the 
assignments of the infrared bands in the FTIR 
redox spectrum were made and were used in 
further parts of this work. 
 
Tyr-280 was shown to donate H+ for the 
dioxygen bond splitting that occurs upon PR 
formation. Tyr-280 becomes re-protonated in 
the one-electron reduced state. 
 
We report the absence of the IR spectral 
distinction between the fully oxidized 
intermediates – the ‘resting’ [O] and the 
‘pulsed’ [OH]. The difference between these 
two intermediates may reside in the presence 
or orientation of the water molecules in the 
hydrophobic cavity around the BNC. 
 
In the reductive part of CcO catalytic cycle 
two ‘chemical’ protons are taken up. One of 
these two H+ accepting sites is Tyr-280. 
 
Furthermore, we showed the protolytic 
transition of Glu-278 during the CcO catalysis. 
This was shown using the mutated enzymes 
where the H+-conducting D-channel was 
inactive. 
 
Still, the sequence of events of the H+ 
pumping machine of CcO is not fully proven. 
One of the ways this question can be answered 
is by applying time-resolved IR spectroscopy 
with microsecond time-resolution which is a 
challenging task. 
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